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Abstract 
In this study, periodic structures of water level and chlorophyll a (Chl a) concentration in Lake Baiyangdian and their 
correlations were analyzed using Morlet wavelet transform, wavelet power spectrum and cross wavelet transform 
analyses. Monthly data of water level (from 1950 to 2009) and Chl a concentration (from 2000 to 2009) were 
obtained from the Anxin county water conservancy and environmental bureaus, respectively. Results from the Morlet 
wavelet transform analysis show that water level fluctuations follow intra-annual and 60-month periodicity. In 
contrast, the wavelet transform analysis shows a water level variation structure of 6 and 16 month periodicity at a 
high confidence level (>95%). The periodic structure of Chl a concentrations shows 6 and >12 month patterns in 
continuous wavelet transform analysis whereas the periodic structures generated using wavelet power spectrum 
analysis exhibit 4 and >12 month variance, with the 4 month periodic change above the 95% confidence level. 
Comparative cross wavelet and coherence and phase analysis of water levels and Chl a concentrations in the lake 
results in a 16-month periodic structure that displays a complicated nonlinear relationship between the two 
parameters. Several short-term periodic nonlinear relationships also appear at other time intervals. In conclusion, we 
show for the first time that a 16-month periodic structure demonstrates the most robust influence of water level on 
Chl a concentrations in Lake Baiyangdian. Our results can help in understanding the interactions between specific 
hydrological changes and their corresponding ecological effects. 
 
© 2011 Published by Elsevier Ltd. 
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Water level, as a hydrological factor, is a useful indicator in lake management practices [1]. Water level 
fluctuations in shallow lakes embedded in wetlands are particularly sensitive to rapid changes in water input 
and outflow [2], and have a direct effect on the lake ecosystem's structure, composition and function. In fact, 
Bodensteiner and Gabriel concluded that a suitable water level was necessary for the maintenance of 
vegetation in lakes of Poygan [3]. Water level fluctuations could also be used to promote the expansion of 
emergent vegetation [4], which could then improve the lake ecosystem. In addition, based on the duration of 
the fluctuations, varying from short-term to intra-annual to long-term, the composition and diversity of 
aquatic species might be affected [5-7]. Not surprisingly, Coops et al. concluded that lakes with a low range 
of water level fluctuations tend to have poor fringe habitat with narrow biodiversity [8]. Moreover, such 
fringe areas often transform rapidly from aquatic ecosystems to terrestrial ones, which in turn negatively 
impacts the lake ecosystem [9-11]. Therefore, water level fluctuations are of great significance for the health 
management of shallow lakes. 
A second hydrological factor is chlorophyll a (Chl a) levels in the lake ecosystem. In addition to its 
importance for photosynthesis, Chl a is commonly used as an estimator of primary phytoplankton production 
in inland waters and is easily measured [12]. Most assessments of degraded water bodies recognize that the 
immediate biological response to high nutrient levels in the water body is increased primary phytoplankton 
production, which is reflected as increased Chl a concentrations [13]. In fact, previous studies of the Lake 
Baiyangdian ecosystem have considered Chl a concentration as a parameter of the lake's ecological health [14, 
15]. Although Chl a levels vary on a seasonal basis every year, additional factors have been shown to affect 
this parameter in a direct or indirect manner, including climate change and human activity [16, 17]. In recent 
years, the abrupt decrease in water levels of Lake Baiyangdian has affected the health of the lake ecosystem, 
which can be reflected by variations in Chl a levels. Therefore, it is necessary to explore the relationship 
between water level fluctuations and Chl a concentrations for better restoration of the lake ecosystem. 
Some researchers have analyzed water level fluctuations in Lake Baiyangdian at different time points to 
better assess and optimize environmental flows and water allocation [16, 17]. Others have analyzed changes 
in Chl a levels in the lake alone [18]. However, these studies estimated water level fluctuations and variations 
of Chl a concentration in a simple manner. Also, they did not explore the relationship between these 
hydrological parameters, which might explain their long- and short-term variability. To this end, wavelet 
transform analysis, a time-frequency decomposition method, provides an efficient tool for detecting temporal 
characteristics of such hydrological parameters and determining dominant modes of variation [19-22]. 
In this study, water level fluctuations and Chl a concentrations in Lake Baiyangdian were systematically 
analyzed using wavelet transform analysis to reflect modes of variations over time. The main objectives 
included: (1) determining the periodic structural characteristics of water level fluctuations and Chl a 
concentrations in the lake, (2) exploring the relationships between Chl a concentrations and water level 
fluctuations, and (3) identifying an assessment method for effective management of degraded lake ecosystems.  
2. Materials and Methods 
2.1. Study Site and Background 
Lake Baiyangdian, the largest natural freshwater body in the North China plains, is located 130 km south 
of Beijing (48°43'–39°02' N and 115°38'–116°07' E) (Fig. 1). With a surface area of 366 km2 and a catchment 
of 31200 m2, the lake consists of more than a hundred small and shallow lakes linked by thousands of ditches. 
Lake depth varies with hydrologic conditions, but is usually less than 2.0 m [23]. The annual mean 
precipitation in this area is less than 450 mm, and the ambient temperature is less than 17℃. Since the 1980s, 
Lake Baiyangdian has shrunk and dried up frequently when the water level is less than 5.5 m. In fact, drought 
has occurred thrice in the past decade alone [24]. Moreover, the lake is monomictic with only one inflow 
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tributary, the Fuhe River, which is highly polluted (Fig. 1). In recent years, eutrophication of the lake has been 
observed and a large section has been converted to swamps due to nutrient overload. Consequently, The 
phytoplankton communities is dominant in the lake. Meanwhile, the degraded water produces disastrous 
influence on ecosystem. The implementations of water allocation are pinning great hopes on water restoration. 
Moreover, water resources of Lake Baiyangdian benefit from China's South-to-North Water Transfer Project. 
In addition, although the water allocation scheme has been implemented at least once a year in Lake 
Baiyangdian since the 1990s [16], the ecosystem restoration of reducing phytoplankton biomass is still the 
hard problem. Therefore, it is important to investigate fluctuations of hydrological factor (e.g., water level), 
the variation of Chl a concentration and their relationships.  
 
 
Fig. 1. Geographic location of the study area. 
2.2. Data Sources 
To perform this study, water level data of Lake Baiyangdian measured on a monthly basis from 1950 to 
2009 were obtained from the Anxin county Water Conservancy Bureau. Chl a concentrations in Lake 
Baiyangdian measured every month from 1999 to 2009 were obtained from the Anxin county 
Environmental Bureau. Specifically, water samples were collected from eight sampling points around the 
lake by national monitoring stations (Fig. 1) and the hot–ethanol extraction spectrophotometric method 
was applied to analyze levels of Chl a [25]. Analyses were carried out in provincial laboratories 
belonging to the National Environmental Monitoring Network. The laboratories have passed the 
"qualified analysis of quality" examination. The analytic methods were based on the “Guidebook on 
Chemical Analysis of Inland Surface Waters” edited by the Water Conservancy Ministry of China [25].  
2.3. Methods 
To analyze the temporal modes of variability of water level and the Chl a time series, we used Fourier 
power spectrum, wavelet power transform, cross wavelet and coherence and phase analyses. The power 
spectrum analysis deals with the identification of cyclical patterns in the data. Data windowing is used to 
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smooth the power spectrum, thereby reducing its variance and increasing statistical confidence; this may 
cause spectral leakage [26]. To reach a compromise between strong (higher confidence but stronger bias) 
and weak smoothing (lower confidence but reduced bias) with an acceptable spectral leakage, the power 
spectrum estimates are generated using a smoothing Hamming window of variable length [27]. 
To investigate periodicities of water level fluctuations and Chl a variations, we applied two harmonic 
tools to the monthly data series: classical Fourier transform and continuous wavelet transform analyses. 
The classical Fourier transform uses sine and cosine base functions that have infinite span, is globally 
uniform in time, and only reveals the presence of spectral components [28]. For the Fourier harmonic 
analysis, we used the conventional power of 2 fast Fourier transform procedure. In this method, the 
decomposition of the time series into time-frequency space allows for the determination of both the 
dominant modes of variability and how those modes vary in time. Continuous wavelet transform analysis 
using the Morlet wavelet was next used to identify the time-frequency characteristics of the data [29]. 
To determine the statistical confidence of the relationship between water level fluctuations and Chl a 
concentration series, a cross wavelet transform was carried out. The resultant transform of the two time 
series is a complex function. The cross wavelet power spectrum and its complex argument could be 
interpreted as the local relative phase between the two time series in the time-frequency space [30, 31]. 
The cross wavelet transform also consisted in the calculation of the squared coherency and phase shift 
between the two time series. The squared coherence, which can be interpreted as a squared correlation 
coefficient, is computed by calculating the squares of the cross-amplitude values and dividing this by the 
product of the spectrum density estimates for each series [32]. The phase shifts are computed as tan−1 of 
the ratio of the quad density estimates over the cross-density estimate, and are measures of the extent to 
which each frequency component of one series leads the other [33].  
3. Results 
3.1. Descriptive statistics 
The descriptive statistics (maximum, minimum, mean and standard deviation) of the water level and 
Chl a concentration time series are shown in Table 1. The maximum water level during 1950 to 2009 was 
11.15 m, and the minimum was 3.24 m. Specifically, in the last decade, water level varied from 7.57 to 
5.70 m indicating heavy human disturbances. In this period, fluctuations of Chl a concentration were 
from 0 to 66.93 mg/L, with the average value being 11.88 g/mL. Figure 2 shows a graphical 
representation of the data comprising the two time series. The graph of the water level time series shows a 
wave-like pattern with two outstanding valleys in 1966 and 1986 - these correspond to long and persistent 
dry periods (Fig. 2a). Conversely, the graph of the Chl a concentration time series shows three 
outstanding peaks from 2006-2009 - this indicates the possible decline of water quality in recent years 
(Fig. 2b). 
 
Table 1. Descriptive statistics for the time series data: water level Ⅰ (1950-2009); water level Ⅱ (2000-2009) and Chl a 
concentration (2000-2009) 
Variables Duration time Unit Max. Min. Mean S.D. 
Water Level (Ⅰ) Jan, 1950-Dec, 2009 m 11.15 3.24 7.61 ±1.27 
Water Level (Ⅱ) Jan, 2000-Dec, 2009 m 7.57 5.70 6.75 ±0.46 
Chl a Jan, 2000-Dec, 2009 mg/L 66.93 0.00 11.88 ±1.33 
Note: water level was measured referencing DaGu elevation as a benchmark. 




Fig. 2. Monthly fluctuations of (a) water level from 1950 to 2009 and (b) Chl a concentrations from 2000 to 2009. The red line 
indicates the smoothing curve for standard series using five-three times average method. 
3.2. Continuous wavelet transform 
To analyze the time-scale localization of the periodical signals in the water level and Chl a 
concentration time series, we used continuous wavelet transform analysis. Figure 3 shows the real part of 
the continuous Morlet wavelet spectra for the two time series: water level during the last 60 yrs (Fig. 3a) 
and Chl a concentrations during the last 10 yrs (Fig. 3b). It can be seen that inter-annual (<12 month) and 
half-decadal (60 month) periodic oscillations are present in the water level time series (Fig. 3a). The 
former is persistent throughout the entire water level measurement period, whereas the latter is stronger at 
the beginning of the measurements, i.e., in the 1950s. On the other hand, the wavelet spectrum describing 
Chl a concentrations shows a half year signal, which is stronger in the second half of the measurement 
period, i.e., from 2005 onwards (Fig. 3b). Meanwhile, a faint inter-annual oscillation (>12 months) 
appears in the Chl a concentration time series, but without a strong periodic core. 
 
 
Fig. 3. Real part of the continuous Morlet wavelet spectra for (a) water level and (b) Chl a concentrations.  
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3.3. The wavelet power spectrum analysis 
The wavelet power transform provides information about the relative power at a certain scale and a 
certain time. In this analysis, the wavelet power can be obtained directly by determining the squares of the 
absolute values of the transformed data. Figure 4 shows the power spectrum of the wavelet transform for 
monthly water level fluctuations and Chl a concentration changes in Lake Baiyangdian; note that the 
actual oscillations of individual wavelets are detected, not just their magnitude. The analysis reveals that 
the highest energy occurs for the water level time series as compared to Chl a concentration. The periods 
of higher energy changes for water level are from 6–16 and 16–32 months during the last 60 years (Fig. 4a) 
while the average variance of water level levels above the 95% confidence level are 6 and 16 months (Fig. 
4c). As for Chl a concentration, the period of higher energy changes is from 1–4 and 4–6 months (Fig. 4b). 
However, only the 4-month oscillation is above the 95% confidence level based on the global variance of 
Chl a (Fig. 4d). 
 
 
Fig. 4. Power spectrum using Morlet mother wavelet for (a) water level from 1950 to 2009 and(b) Chl a concentrations from 2000 to 
2009. The relative low resolution region is the cone of influence, where zero padding has reduced the variance. The black contour is 
the 5% significance level generated using a white-noise background spectrum. The global wavelet variance (solid line) for (c) water 
level from 1950 to 2009 and (d) Chl a concentrations from 2000 to 2009 was calculated using wavelet analysis. The dashed line in c 
and d is the confidence for the global wavelet variance, measure assuming the same confidence level and background spectrum as in 
the power spectrum analysis. 
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3.4. Intra-annual fluctuations analyses 
Although the above wavelet analysis showed multiple time-scale variations in water level and Chl a 
concentration, we were mainly interested in the intra-annual fluctuations (<12 months), which correspond 
with periodic management practises. As a result, we performed global average variance to the very 
component (Fig. 5). Figure 5 shows the intra-annual average variances for water level and Chl a 
concentrations during the monitored time period.  
Confident intra-annual water level fluctuations occur from the beginning of the 1950s to the end of the 
1980s. However, there are no water level fluctuations that are above the 95% confidence level in the last 
decade (Fig. 5a). This may be attributable to the annual water allocations that were started by the 
government in the beginning of the 1990s. As for the intra-annual variations of Chl a concentrations, 
fluctuations above the 95% confidence level are detected from 2006 to 2008 (Fig. 5b). Note that water 
level in Lake Baiyangdian has receded in the past decade (Table 1) probably leading to decline of the 
aquatic ecosystem; this in turn may contribute to the large concentration variations of Chl a during the 
last 10 years. The change of water level reveals the variations of hydrological conditions, which 
obviously altered distributions and functions of phytoplankton presented as the variations of Chl a 
concentration. This suggests that the water level directly influences phytoplankton, and hence it is 




Fig. 5. Intra-annual average fluctuations for: (a) water level during the last 60 yrs and (b) Chl a concentration during the last 10 yrs. 
The dashed line indicates 95% confidence level. 
3.5. Cross wavelet and coherence and phase analyses 
The relationship between water level fluctuations and changes in Chl a concentrations can be detected 
using cross wavelet analysis (Fig. 6). Cross wavelet power reveals areas with high common power 
between the two parameters while coherence is a measure of the correlation between the two time series, 
at each frequency. The direction of the arrows in the coherence spectrum indicates the phase between the 
two phenomena involved: horizontal right is 0° and corresponds to an in-phase situation, horizontal left is 
180° and correspond to an anti-phase situation - both situations imply a linear relation between the 
phenomena; vertical up (90°) and vertical down (270°) arrows correspond to an out-of phase situation, i.e., 
a non-linear relation. The confidence level color code appears at the bottom of the figure; in particular, 
the 95% confidence level is inside the black contours [34]. 
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In the last decade, the cross wavelet spectrum shows a confident in-phase periodic structure of 12–16 
months (Fig. 6a). Another confident band representing an in-phase period of 24–28 months is stronger 
and occurs during the last five years (Fig. 6a). Figure 6b shows the coherence wavelet spectra between 
water level fluctuations and changes in Chl a concentration during 2000 to 2009. The results indicate that 
the coherence between water level and Chl a concentration is strong within the 14 to 16 month periodicity 
over a long time period (i.e., April, 2003-September, 2006). Moreover, an ~4 month periodicity is 
highlighted for several shorter time intervals (i.e., March–October 2001; May–December 2006 and 
December 2007–June 2008) and a <2 month periodicity only occurs in January to July 2005. These 
results confirm our hypothesis that fluctuations in the water level of Lake Baiyangdian influence Chl a 
concentrations over multiple time scales. They also reveal a direct non-linear relationship between water 
level and Chl a concentration. 
 
 
Fig. 6. (a) Cross wavelet transform of standardized Chl a concentrations against water levels. The 5% confidence level against red 
noise is shown as a thick black contour. The relative phase relationship is shown as arrows. (b) Squared wavelet coherence between 
the standardized Chl a concentrations and water levels. The 5% confidence level against red noise is shown as a thick black contour. 
4. Discussion 
This study describes an efficient method for analyzing variations in water level and Chl a 
concentration and their respective relationship in a given water body. Chl a level is often used an estimator 
of aquatic ecosystem health. However, currently there is little knowledge if Chl a levels, and hence ecosystem 
health, are affected by short-term and/or intra-annual changes in hydrological conditions. Our results 
demonstrate that wavelet transform analysis is applicable to understanding this correlation. Such an analysis 
has provided important insights into the dependence of Chl a concentration on the hydrological 
conditions of Lake Baiyangdian and is applicable to other shallow lakes. Wavelet analysis also provides a 
robust time-frequency localization tool for time series data. The wavelet-filtered time series data reflect 
changes in temporal patterns firstly, and thus the actual change of time series data. 
Considering the situation of Lake Baiyangdian, water allocations have been implemented at least once 
every year since the 1990s. Accordingly, our results show that intra-annual water level fluctuations above 
the 95% confidence level are not found from 1990-2009 (Fig 5a). Comparing the time series data for 
water level from 2000 to 2009 (i.e., the time period during which Chl a concentration was also measured) 
to those from 1950 to 2009, it was observed that 6 month periodic variations are robust in 2000-2009 (Fig. 
7a). This is in contrast to the 6- and 16-month time-scales observed in the last 60 years (Fig. 4c). 
Moreover, the global average variance of water level from 2000 to 2009 exhibits just one peak, which 
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occurred in May, 2008 (Fig. 7b). In the same period, Chl a variations exhibit 3 peaks above the 95% 
confidence level (Fig. 5b) while significant intra-annual average variance fluctuations of the water level 
time series were not detected from 2000 to 2009 (Fig. 5a).  
 
 
Fig. 7. (a) The wavelet global variance (solid line) and (b) intra-annual wavelet global average variance for water level from 2000 to 
2009. The dashed line is the confidence level for the wavelet global variance. 
The average data of Chl a time series from eight sampling sites were utilized for the wavelet analysis. 
The values of Chl a concentration therefore represent the status of the entire lake, matching water level 
data. Due to the complications of water allocation to the lake in the time period when Chl a levels were 
measured, we cannot fully eliminate its influence on Chl a levels; this may produce unstable noise in data 
analysis. Nevertheless, the results from wavelet spectrum and cross wavelet analyses show confident 
periodic changes in Chl a levels. 
The cross wavelet method provide a newly way to detect correlations of two parameters without 
considering the data distribution. Classic statistical methods, such as Pearson correlation coefficient, 
could in theory be utilized to interpret the behaviour of Chl a levels with respect to water level changes. 
But, the Gaussian distribution of the variables in ecosystem is definitely scarce which made it impossible 
to be achieved (our unpublished observations). For this purpose, we chose to perform a wavelet squared 
coherency spectrum analysis which identifies frequency bands between two time series that are covarying. 
The advantage of this analysis is that wavelet squared coherency is a measure of the intensity of the 
covariance of the two series in time–frequency space, unlike the cross-wavelet power which is a measure 
of the common power. Using the wavelet squared coherency values, we identified both the frequency 
with and time intervals within which water level and Chl a concentration covaried. Therefore, wavelet 
analysis provides a powerful and novel tool to analyze ecosystem dependence on environmental 
conditions. 
 
5. Summary and conclusion 
The present work aims to better understand ecological processes in a rapidly changing hydrological 
environment. We used Morlet wavelet transform, wavelet power spectrum analysis, cross wavelet and 
coherence and phase analyses to explore periodic structures of water level and chlorophyll a (Chl a) and their 
relationships. Our key observations include the following: 
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1) The continuous wavelet transform analysis detects intra-annual and 60 -month periodic changes in 
water level from 1950 to 2009 while the wavelet power spectrum shows 6-16 and 16-32 months periodic 
structures; the 6 and 16 month periodic structures are above the 95% confidence level. 
2) The continuous wavelet transform shows 6 and >12 month periodic structures in Chl a fluctuations 
from 2000 to 2009. In contrast, the wavelet power spectrum shows 4 and >12 months periodic changes in 
Chl a, with the 4 month periodic structure above the 95% confidence level. Specific analysis of water 
level changes during the same period shows a 6 month periodic change above the 95% confidence level.  
3) The results of cross wavelet and coherence analyses demonstrate that the water level has an obvious 
influence on Chl a in the period from 2000 to 2009. Their complicated nonlinear relationship displays a 
16 month periodic structure. In addition, several short-term periodic non-linear relationships also occur at 
regular time intervals. 
In summary, the 16-month periodic structure is the critical phase during which water levels have the 
most robust influence on Chl a concentrations in Lake Baiyangdian. This indicates that the restoration of 
ecosystem health can be more sophisticated with different time and space. However, to obtain more 
information about the influence of hydrological processes on phytoplankton abundance and diversity, a 
detailed study is required about the algal species in Lake Baiyangdian before and after the annual water 
allocation. Meanwhile, we postulate that our presentation of wavelet transforms promotes a 
methodological shift in the analysis of ecological time series and provides an effective assessment method 
of the inter-relationships between individual parameters. Such methodological advances are critical for a 
better understanding of ecological processes in a rapidly changing environment, both hydrological and 
non-hydrological. 
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